The presence of activated macrophages within pancreatic islets in insulin-dependent diabetes mellitus suggests an involvement of ␤-cell death by necrosis. The aim of this study was to investigate the frequencies and mechanisms of cytokine-induced ␤-cell apoptosis and necrosis and the possible protection mediated by the antiapoptotic gene bcl-2. A combination of interleukin-1␤, interferon-␥, and tumor necrosis factor-␣ increased both necrosis (17% of cells) and apoptosis (5% of cells) in isolated whole rat islets, as determined by vital staining and fluorescence microscopy. Hyperexpression of Bcl-2, achieved by stable transfection using a multicopy viral vector containing a bcl-2 complementary DNA in rat insulin-producing RINm5F cells, counteracted both apoptosis and necrosis. Cytokine-induced cleavage of the caspase-3 substrate poly(ADP-ribose) polymerase (which, in other cell types, may occur downstream or independently of a Bcl-2-preventable mitochondrial permeability transition) was observed in control-but neither in bcl-2-transfected cells nor in the presence of the iNOS inhibitor N G -methyl-L-arginine. Tumor necrosis factor-␣ alone did not clearly induce cell death or poly(ADP-ribose) polymerasecleavage. These findings suggest that cytokines induce both necrosis and apoptosis in insulin-producing cells via a common Bcl-2-preventable nitric oxide-dependent pathway, which may involve mitochondrial permeability transition. The necrosis:apoptosis ratio might be increased by a relative lack of caspase activity. (Endocrinology 141:
I NSULIN-DEPENDENT diabetes mellitus (IDDM) is re-
garded as a chronic autoimmune disease resulting from progressive destruction of the insulin-producing ␤-cells in the pancreas (1) . Studies in animal models of IDDM have shown that macrophages are the first cells to infiltrate the islets of Langerhans, followed by lymphocytes. An increased expression of cytokines in the insulitis has been reported, and different combinations of cytokines have been shown to decrease the function and viability of ␤-cells in vitro, partially through the production of nitric oxide and/or reactive oxygen species by the ␤-cells themselves or by cells in their vicinity, such as macrophages and endothelial cells (2) . It has been hypothesized that initial damage to ␤-cells could result in the release of intracellular components, leading to inflammation and activation of a ␤-cell directed immune response, followed by destruction of all insulin-producing cells (2) .
It is generally believed that programmed cell death has evolved in multicellular organisms as a means to dispose of unwanted or damaged cells by a controlled manner (reviewed in Refs. 3 and 4) . The implementation of the apoptotic program, which is dependent on the activation of caspases, results in the dismantling of the cell and recognition and ingestion by phagocytocing cells without eliciting an inflammatory response (3, 4) . By contrast, cell death by necrosis is known to result in activation of macrophages and to provoke inflammation and immune responses (3, 4) . It has recently become clear that many forms of both apoptosis and necrosis share a common effector phase of mitochondrial permeability transition (MPT) (reviewed in Ref. 5) . MPT may result from the opening of a multiprotein complex pore located at the contact site between the inner and outer mitochondrial membrane, which leads to disruption of the mitochondrial membrane potential (‚⌿ m ), uncoupling of the respiratory chain with cessation of ATP production, hyperproduction of reactive oxygen species (ROS), depletion of reduced glutathione, and release of Ca 2ϩ , some of which may provoke necrosis (5) . However, MPT is also associated with the release of apoptosis inducing factor and cytochrome c from mitochondria, which may result in activation of caspases involved in the degradation phase of apoptosis, such as caspase-3, which cleaves poly(ADP-ribose) polymerase (PARP) and other substrates (reviewed in Refs. 4 and 6) . The principal role of the antiapoptotic protein Bcl-2 in preventing cell death was recently shown to be the inhibition of the MPT-pore opening (5, 7, 8) . Moreover, receptors such as the tumor necrosis factor (TNF)R1 and CD95/Fas, which share a death signaling pathway involving FADD/MORT1 (reviewed in Ref. 9) , may activate the initiation phase of apoptosis and are both known to induce MPT (5, 10 -12) . However, in some (but not all) cell types, signaling via FADD/ MORT1, in addition to MPT, rapidly activates the degradation phase of apoptosis with cleavage of PARP through a pathway that seems independent of MPT (11) . The latter pathway may depend on a direct activation of caspase-8 (FLICE) upon recruitment of FADD/MORT1, by so-called induced proximity, followed by activation of downstream caspases independently of MPT (5, 11) .
␤-cell death by apoptosis has been demonstrated to occur in response to various treatments, including cytokines, cytokine-induced production of nitric oxide (13) (14) (15) or Fas-FasL interactions (16) . Furthermore, apoptotic ␤-cell death induced by cytokines has been shown to be prevented by overexpression of Bcl-2 (17) (18) (19) . Some of the methods employed to demonstrate apoptosis, however, do not exclude a concomitant increase in necrotic cell death. Indeed, the early presence of activated macrophages within the islets of Langerhans during the initiation of IDDM may suggest an involvement of ␤-cell necrosis. The aim of the present study was to investigate the frequencies and mechanisms of apoptosis and necrosis in insulin-producing cells in response to cytokines and the possible protection mediated by hyperexpression of Bcl-2. For this purpose, the rat insulin-producing ␤-cell line RINm5F was transfected to stably express high levels of Bcl-2. Control-transfected RIN cells and RIN cells hyperexpressing Bcl-2, as well as isolated whole rat islets, were exposed to cytokines, after which the frequencies of apoptosis and necrosis were determined using fluorescence microscopy after staining with bisbenzimide and propidium iodide. To address the issue of whether cytokines or cytokine-induced nitric oxide induce caspase activation dependently or independently of the Bcl-2-preventable pathway, their effect upon cleavage of PARP in non-, control-, or bcl-2-transfected RIN cells, in the presence or absence of the iNOS inhibitor N G -methyl-l-arginine, was determined.
Materials and Methods Reagents
The chemicals were obtained from the following sources: RPMI 1640, FBS, l-glutamine, HBSS, trypsin-EDTA, G418 (geneticin), N G -methyll-arginine, bisbenzimide (Hoechst 33342), and propidium iodide from Sigma (St. Louis, MO); Lipofectamine from Life Technologies, Inc. 
Rat pancreatic islet and RINm5F cell culture
Rat islets were isolated from male 3-month-old Sprague Dawley rats (local Uppsala colony), as previously described (20) . Islets were cultured in groups of 150 islets per 50-mm well in RPMI 1640 supplemented with 10% FBS, 2 mm l-glutamine, benzylpenicillin (100 U/ml) and streptomycin (0.1 mg/ml) at 37 C in humidified air with 5% CO 2 . RINm5F cells were trypsinized every 3-5 days and subcultured (1 ϫ 10 5 cells per 10-mm well or 5 ϫ 10 5 cells per 50-mm well) under the conditions described above.
Generation of RINm5F cell clones hyperexpressing Bcl-2
A vector harboring the mouse bcl-2 complementary DNA (cDNA) was kindly provided by Dr. E. Podack (Miami, FL) (21) . To generate pancreatic ␤ cells hyperexpressing recombinant protein, the bovine papilloma virus (BPV)-derived BMG neo multicopy vector (22) , which replicates episomaly, was used for transfection of RINm5F cells. In this vector, the mouse bcl-2 cDNA is inserted downstream of a metallothionein promoter. RINm5F cells, at a density of 3 ϫ 10 5 cells per 50-mm well, were transfected with this or an empty BPV-derived neo-containing vector by liposome-mediated gene transfer using Lipofectamine as described (23) . At 48 h after the start of transfection, cells were cultured in the presence of 150 g/ml G418. Stable clones were isolated and characterized by Western blot analysis for their expression of Bcl-2 protein.
Bisbenzimide/propidium iodide staining and fluorescence microscopy
After exposure to cytokines, RINm5F cells (free-floating cells pooled with cells detached by mild trypsinization) or rat islets were incubated in PBS containing 20 g/ml bisbenzimide and 10 g/ml propidium iodide for 10 min at 37 C, as described (24, 25) . Islets or cells were then washed with PBS, examined with fluorescence microscopy using a UV-2A filter with excitation at 330 -380 nm, and photographed. The percentage of apoptotic and necrotic cells was determined by differential counting of 200 -300 (RIN) or 1000 -1500 (islet) cells in each experimental group. Blinded differential counting was performed by an independent examiner.
Western blot analysis
RINm5F cells were harvested and washed in cold PBS and sonicated in 100 l Tris-EDTA. An aliquot was taken for total protein determination according to Bradford (26) . Proteins were precipitated by the addition of 3 vol of cold acetone and pelleted by centrifugation at 12,000 ϫ g for 10 min. Pellets were solubilized in SDS-␤-mercaptoethanol sample buffer by boiling for 4 min. Equal amounts of protein (ϳ20 g) were run on 7.5-12% SDS-polyacrylamide gels and electrically transferred to nitrocellulose filters, which were then incubated with rabbit anti Bcl-2 antibody (Santa Cruz Biothechnology, Inc., Santa Cruz, CA) or rabbit antimouse PARP antibody (a kind gift from Dr. Koichiro Yoshihara, Kashihara Nara, Japan), both diluted 1:1000 in PBS ϩ 5% fat free milk-powder. Horseradish peroxidase-linked goat antirabbit Ig was used as a second layer. Immunodetection was performed as described for the Amersham International ECL immunoblotting detection system (Amersham Pharmacia Biotech, Buckinghamshire, UK).
Gel electrophoresis of low-molecular-weight DNA
RIN cells, growing at a density of 1.5 ϫ 10 6 cells per 50-mm well, were exposed to cytokines for 24 h, after which both free-floating and attached cells were harvested and washed in cold PBS, pelleted, and resuspended in 400 l of lysis buffer (100 mm Tris-HCl (pH 8.5), 200 mm NaCl, 5 mm EDTA, 100 g/ml proteinase K, 0.2% SDS) (27) . The samples were agitated at 37 C overnight, followed by addition of 320 l of isopropanol. High molecular weight DNA was immediately removed upon precipitation, followed by addition of 40 l of 3 m NaAc (pH 5.2) and 680 l ethanol to precipitate the low-molecular-weight DNA. Samples were kept at Ϫ20 C for 1 h and then centrifuged for 10 min at 12,000 ϫ g. In some cases, a small amount of high molecular weight DNA remained in the sample. This should not, however, influence the amount of fragmented DNA. Pellets were dissolved in water and treated with ribonuclease for 15 min at 37 C. Samples were run on 1.5% agarose gels and visualized by ethidium bromide staining.
Nitrite determination
Duplicate samples (2 ϫ 80 l) of media from RINm5F cells, cultured (at 50 -80% confluency) for 6 h in the presence or absence of cytokines and 5 mm N G -methyl-l-arginine, were taken for nitrite determination, as previously described (28) .
Statistical analysis
Statistical analysis was performed using StatView Student v1.0 software (Abacus Concepts, Inc., Berkeley, CA). Data were expressed as means Ϯ sem and compared using Student's t test or ANOVA.
Results

Effect of cytokines on necrosis and apoptosis in rat islets
Dissociation of islet cells may induce artifacts on cell function and viability. Moreover, ␤-cell purification implies that nonendocrine cells, which could contribute to cytokineinduced ␤-cell destruction (2), may be lost. Therefore, whole rat islets were exposed to cytokines for 24 h and then stained with bisbenzimide and propidium iodide and examined with fluorescence microscopy. Using this technique, apoptotic cells are identified by their highly condensed or fragmented nuclei, which are only bisbenzimide positive (resulting in blue fluorescence) representing early apoptosis, or both bisbenzimide and propidium iodide positive (resulting in pink fluorescence) representing late apoptosis (24, 25) . Intact, round nuclei are regarded as viable if only bisbenzimide positive or necrotic if both bisbenzimide and propidium iodide positive (24, 25) . A magnification of 400ϫ was routinely used and allowed for the characterization of visualized cell nuclei as intact, fragmented, or highly condensed (with approximate diameter Յ 2/3 of an average diameter of intact control cell nuclei) staining positively for propidium iodide and/or bisbenzimide. These cell nuclei were differentially counted to gain an estimate of the number of apoptotic, necrotic, and viable cells, respectively. In cultured rat islets, highly condensed nuclei were sometimes observed very centrally, especially within large islets, possibly representing what is commonly referred to as central necrosis. The number of these cells did not seem to increase in response to cytokines and were therefore not counted. In rat islets exposed for 24 h to the combination of IL-1␤ (25 U/ml), IFN-␥ (1000 U/ml), and TNF-␣ (1000 U/ml), there was a significant increase in predominantly necrosis (17 Ϯ 2.2% of cells), whereas apoptosis was increased to a lesser extent (5.4 Ϯ 0.8% of cells) (Figs. 1A and 2 ). When cytokine-exposed pancreatic islets were viewed at lower magnification (100ϫ), the propidium iodide positive cells seemed to be evenly distributed within the islets, indicating a predominance of ␤-cells among the dead cells (Fig. 1B) . The region for counting was chosen if it was found to be representative of the islet as a whole. However, that the propidium positive cells in general appeared evenly distributed suggested that it was of little importance which region was chosen for counting. It cannot be excluded that some nuclei regarded as necrotic were slightly condensed and that apoptosis in such cells may have been initiated but apparently not completed before plasma membrane integrity was lost. In control islet cells, only a few apoptotic or necrotic cells were observed (Fig. 2) . Exposure to the combination of IL-1␤ and IFN-␥ resulted in a similar or slightly smaller increase of necrosis (9.0 Ϯ 2.0% of cells) and apoptosis (4.3 Ϯ 1.6% of cells) (Fig. 2) . Exposure of rat islets to the combination IL-1␤, IFN-␥, and TNF-␣ in the presence of the iNOS inhibitor methyl-l-arginine (5 mm) did not seem to increase either type of cell death after 24 h; neither did exposure to TNF-␣ (1000 U/ml) alone (Fig. 2) .
Hyperexpression of Bcl-2 in RINm5F cells
To investigate the possibility that hyperexpression of Bcl-2 might increase resistance to both apoptosis and necrosis in ␤-cells and to reveal the level of induction of caspase activation by cytokines, insulin-producing rat pancreatic cell line RINm5F was stably transfected with a vector containing the mouse bcl-2 cDNA using liposomal gene delivery. The vector used is a BPV-derived vector, which replicates episomaly, often reaching numbers of 20 -100 copies per cell, thus resulting in high levels of recombinant protein (22) . In this vector, the bcl-2 cDNA (21) is inserted downstream of a metallothionein promoter. Selection with G418 yielded cell clones hyperexpressing Bcl-2 protein, as assessed by Western blot analysis (Fig. 3) . Cells transfected with an empty BPV-derived neo-containing vector expressed low levels of Bcl-2 (Fig.  3) . The clone expressing the highest level of Bcl-2 (4), a mixture of clones expressing intermediate levels of the protein (2456) and a control-(neo) transfected clone, were used in subsequent experiments (Fig. 3) .
Effect of Bcl-2 on cytokine-induced necrosis and apoptosis in RINm5F cells
To determine whether Bcl-2 might increase the resistance to both apoptosis and necrosis in ␤-cells, Bcl-2-hyperexpressing, and control-transfected RINm5F cells were exposed to different combinations of cytokines and then gently trypsinized, stained with bisbenzimide and propidium iodide, and examined with fluorescence microscopy. As for whole rat islets, the number of apoptotic cells was low and comparable (1.2% of cells) in neo-and bcl-2-transfected cells not exposed to cytokines, whereas the number of necrotic cells seemed higher (5.2% of cells) (see Fig. 5 ). A 24-to 26-h exposure to the combination of IL-1␤ (25 U/ml), IFN-␥ (1000 U/ml), and TNF-␣ (1000 U/ml) in control (neo)-transfected cells resulted in a significant increase in predominantly necrosis (33 Ϯ 8.1% of cells), whereas the number of apoptotic cells was smaller (12 Ϯ 2.8% of cells) (Figs. 4A and 5 ). Hyperexpression of Bcl-2 significantly protected against both necrosis and apoptosis induced by this combination of cytokines (the corresponding values were 12.1 Ϯ 1.6% and 3.1 Ϯ 0.6%, respectively) (Figs. 4B and 5). To exclude the possibility of clonal variation as an explanation for the protection against cytokine-induced cell death, a mixture of four different RIN-bcl-2 cell clones, designated 2456 (Fig. 3) , was exposed to the same combination of cytokines and was found to exhibit a similar degree of protection against cytokineinduced cell death, with 14.3 Ϯ 2.3% necrotic (P Ͻ 0.05 vs. corresponding neo using ANOVA) and 3.8 Ϯ 1.9% apoptotic cells (n ϭ 4 -11). In control (neo)-transfected cells, a 24-h exposure to the combination of only IL-1␤ and IFN-␥ resulted in a similar increase in necrosis (29 Ϯ 8.4% of cells) and apoptosis (12 Ϯ 2.8% of cells) as when TNF-␣ was present in the cytokine combination (Fig. 5) . In bcl-2-transfected cells, however, cell death remained low and Bcl-2 significantly protected against necrosis induced by this combination of cytokines (Fig. 5) . As assessed by nitrite determination, exposure to cytokines for 6 h (a time period during which no obvious sign of cell death could be observed) resulted in production of similar amounts of nitric oxide by both controland bcl-2-transfected RINm5F cells (Table 1) .
Effect of Bcl-2 or methyl-L-arginine on cytokine-induced cleavage of PARP in RINm5F cells
To investigate whether cytokines result in caspase activation and whether this occurs downstream of a Bcl-2 preventable pathway, control-transfected and bcl-2-transfected cells were exposed for 24 h to cytokines, after which the cleavage, in intact cells, of PARP, a well-known substrate of caspase-3 and -7, was determined by Western blot analysis using a PARP antibody. The combination of IL-1␤ plus IFN-␥ or IL-1␤ plus IFN-␥ plus TNF-␣ both induced the appearance of the 85-kDa cleavage fragment in control-transfected cells but not in bcl-2-transfected cells, indicating that cytokineinduced caspase activation occurs downstream of the Bcl-2 preventable pathway (Fig. 6 ). To study how rapidly cytokines induce cleavage of PARP and the impact of nitric oxide in this event, RINm5F cells were exposed to TNF-␣ (1000 U/ml), IFN-␥ (1000 U/ml) or IL-1␤ (25 U/ml). None of these cytokines, when present alone for 24 h, induced any consistent cleavage of PARP (Fig. 7) . In combination, these cytokines did not induce any consistent effect on PARP cleavage when present for 6 h (results not shown). When assessed at 24 h, however, there was appearance of the 85-kDa cleavage fragment band in RINm5F cells exposed to the combination of cytokines (Fig. 7) . PARP cleavage, in response to a 24-h exposure to cytokines, was counteracted in the presence of 5 mm methyl-l-arginine (Fig. 7) .
Role of nitric oxide in cytokine-induced DNA ladder formation in RINm5F cells
To further determine the effect of the combination of cytokines and the contribution of nitric oxide to apoptosis, RINm5F cells were exposed to the combination of IL-1␤, IFN-␥, and TNF-␣ for 24 h, in the presence or absence of methyl-l-arginine, and the effect upon apoptotic DNA fragmentation was assessed. Cytokines induced the formation of a DNA ladder, which was counteracted by the simultaneous addition of 5 mm methyl-l-arginine to the culture medium (Fig. 8) . As determined by nitrite measurement, the same combination of cytokines induced an increase in nitric oxide production, which was significantly inhibited by 5 mm N Gmethyl-l-arginine (Table 1) .
Discussion
Nonendocrine cells may contribute to cytokine-induced ␤-cell destruction (2) , and such cells may not be present in purified ␤-cell preparations. Using fluorescence microscopy on vital stained whole rat islets of Langerhans, this study demonstrates that cytokines induce an increase in both necrotic and apoptotic cell death in isolated pancreatic islets. This method was recently validated in single ␤-cells using electron microscopy (29) . It is possible that some nuclei regarded as necrotic were slightly condensed. Thus, in some of these cells, the apoptotic process may have been initiated, but plasma membrane integrity was apparently lost before ap-
Effect of cytokines on the relative number of apoptotic or necrotic cells in rat islets. Islets exposed for 24 h to the indicated combinations of IL-1␤, IFN-␥, or TNF-␣, in the absence or presence of 5 mM methyl-L-asinine (MA), were vital stained and examined by fluorescence microscopy, as described in Fig. 1 ; and the number of cell nuclei exhibiting viable, apoptotic, or necrotic features were counted. Data are means Ϯ SEM of two to nine observations. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 vs. corresponding control using Student's paired t test. optosis was completed. However, the notion of apoptosis as a fast process, once activated, does not favor the possibility that islet cells, presently regarded as necrotic, given a longer time of incubation, would have proceeded to an apoptotic morphology.
The finding that the same treatment can provoke either necrosis or apoptosis may imply a common pathway for these types of cell death, induced by cytokines in ␤-cells. A possible explanation was provided by the recent finding that many forms of both apoptosis and necrosis share an upstream effector phase of MPT (5, 7). The principal action of Bcl-2, as well as some related proteins, was recently shown to be the inhibition of the opening of the multiprotein complex pore leading to MPT, thereby preventing also necrosis induced by various treatments in different cell types (5, 24) . Based on these notions, the finding that Bcl-2 can prevent both necrosis and apoptosis in RIN cells may indicate that cytokine-induced ␤-cell death involves MPT as a common effector mechanism. Several molecules have been implicated in the induction of MPT in other cell systems, including ceramide (10), ROS (5, 30) , and peroxynitrite (30, 31) . Nitric oxide may also increase the sensitivity to (32) or induce MPT (33) . In the present study, cell death induced by a 24-h exposure to cytokines seemed to be counteracted by inhibition of iNOS. This indicates an essential role of nitric oxide in induction of cell death by this combination of cytokines in rat pancreatic ␤-cells. However, it does by no means exclude an important contribution of ROS or other molecules, which may be induced by cytokines in ␤-cells or by cells in their vicinity (2, 34) .
It is well known that many stimuli, at low concentrations, can cause apoptosis but, at higher concentrations, may lead to necrosis. In line with this, it has recently been demonstrated that massive MPT can result in cell death with loss of plasma membrane integrity (i.e. necrosis), as a result of the ensuing bioenergetic catastrophe, before apoptogenic proteins have been able to process their substrates (8) . Furthermore, it has been demonstrated that efficient apoptotic processing relies on availability of ATP, because the degradation phase of apoptosis is an energy-requiring process. Hence, low energy levels of ATP will promote necrosis (35) . It is noteworthy that cytokine-induced production of nitric oxide leads to inhibition of mitochondrial enzyme aconitase (28) and fall in ATP-production (36) , which could contribute to the promotion of necrotic cell death. Indeed, RINm5F cell necrosis, in response to high levels of prooxidants, was recently found to be preceded by depletion of glutathione, ATP, and NAD ϩ (37). Inhibition of caspases responsible for the apoptotic degradation phase will also favor necrosis (38) . Interestingly, nitric oxide may also inhibit apoptotic caspases (39) , which might further promote necrotic cell death. In view of these notions, it may also be speculated that whether ␤-cells death occurs by apoptosis or necrosis could depend on the intercellular differences in sensitivity to cytokines or their intracellular mediators and the ability to successfully implement the degradation phase of apoptosis.
The cytokines IL-1␤, IFN-␥, and TNF-␣, when present alone for 24 h, did not induce PARP cleavage, a sensitive measure of caspase activation that has been shown to be involved in ␤-cell apoptosis (25) . It cannot be excluded that extending the incubation period would have resulted in a small increase in apoptosis, as has been shown in other studies (40, 41) . In recently described so-called type I cells, recruitment of FADD/MORT1 with activation of caspase-8 (as may occur in response to TNF-␣ or Fas/CD95 receptor stimulation) results in activation of caspase-3 with cleavage of PARP within 30 min, whereas the same events in type II cells are slower and dependent upon MPT (11, 12) . Apoptosis induced by receptor cross-linking is accordingly prevented by Bcl-2 in the latter, but not the former, cell type (11, 12) . Regardless of the nature and relative contribution of the factors responsible for cytokine-induced ␤-cell death, the results of the present study indicate that none of the presently used cytokines, at least not in the RINm5F cell line, efficiently induce any obvious sign of apoptosis independent of the Bcl-2-preventable pathway. Indeed, Bcl-2 inhibited cytokineinduced cleavage of PARP, a well recognized substrate of caspase-3 and -7, which, depending on cell type, may be processed downstream of either MPT or TNFR1-or Fas/ CD95-activated caspases in the MPT-independent pathway (5, 11) . Whether this finding applies also to native rat islets and in vivo remains to be determined. Interestingly, cytokines have also been shown to up-regulate Fas/CD95 in primary ␤-cells (16) , and nitric oxide has been demonstrated to induce ␤-cell death via Fas-FasL interactions (42) . It is noteworthy, however, that exposure of ␤-cells to cytokines at the same time potently induces activation of NF-B (43), which has, in other cell types, been associated with increased resistance to apoptosis (9, 44, 45) .
It is widely believed that programmed cell death and apoptosis have evolved as a means to rapidly and efficiently eliminate unwanted cells, without eliciting inflammation and immune responses (3, 4) . By contrast, a cell dying by necrosis, having lost its plasma membrane integrity, will leak intracellular contents to the exterior, thereby provoking inflammation and activation of macrophages (3, 4) , a scenario consistent with the insulitis observed early in IDDM. The present study, in conclusion, demonstrates that death by necrosis may be increased in parallel to apoptosis in rat insulin-producing cells, in response to cytokines. An increased necrosis:apoptosis ratio might result from a relative lack of apoptotic caspase activity and could have implications for the pathogenesis of IDDM. Cytokine-induced ␤-cell death, either by necrosis or apoptosis, seems dependent on a common Bcl-2-preventable pathway, which may involve MPT. These findings indicate that controlling the Bcl-2-preventable pathway of cell death, by the use of small molecules or by genetic engineering, if applied for the prevention or treatment of IDDM, might enhance ␤-cell survival and possibly act to diminish inflammation.
FIG. 7.
Effect of methyl-L-arginine on cytokine-induced cleavage of PARP. RINm5 cells were exposed for 24 h to IL-1␤ (25 U/ml), IFN-␥ (1000 U/ml), and TNF-␣ (1000 U/ml), alone or a combination thereof (cyt), in the absence or presence of 5 mM MA, as given in the figure. Western blot analysis was performed using a PARP-specific antibody. The figure is representative of three separate experiments.
FIG. 8. Effect of methyl-L-arginine on cytokine-induced DNA ladder formation in RINm5F. RINm5 cells were exposed for 24 h to the combination of IL-1␤ (25 U/ml), IFN-␥ (1000 U/ml), and TNF-␣ (1000 U/ml), in the presence or absence of 5 mM MA. Low-molecular-weight DNA was extracted and run together with molecular weight standard (St) on 1.5% agarose gels. The figure is representative of two separate experiments.
